The interannual prediction of the number of hurricanes to strike the US coastline is of vital interest to those who live on the coast, those who insure property along the coast and policy makers who make decisions about infrastructure and mitigation measures. Here it is shown that these predictions can be made more accurate when information about the total number of Atlantic Basin hurricanes is considered. The proportion of Atlantic hurricanes that make landfall in the USA is a measure of the relationship between landfalling and basin hurricane numbers. In order to use basin numbers to help make predictions of landfalling numbers, we must first investigate the nature of this relationship. Here we run a number of statistical tests and find that there is a significant change in the relative proportion of Atlantic hurricanes that hit the US coastline between the first and second halves of the 20th century. This difference is ostensibly due to the lack of basin observations in the earlier period. However, after 1948, the proportion of Atlantic hurricanes that hit the US coast shows no evidence of change. By assuming that the proportion is constant, we are able to then use information about the total number of hurricanes in the Atlantic Basin and make more accurate estimates of landfalling hurricane activity.
Introduction
Hurricanes have a severe impact on coastal communities in the USA, and many of these communities are concerned about the recent increase in the number of Atlantic hurricanes. There is also a lively debate and much interest in the scientific community as to what is causing this increase and whether it will continue in the future (Trenberth, 2005; Landsea et al., 2006; Mann and Emanuel, 2006; Bell et al., 2007; Vecchi and Soden, 2007) .
Work by Webster et al. (2005) , Hoyos et al. (2006) and Mann and Emanuel (2006) suggests that, in the Atlantic, there is an increasing trend in the frequency and intensity of hurricanes, in part due to the rise in sea-surface temperatures (SSTs) brought on by global warming. Trenberth (2005) , however, suggests that although increasing SSTs are likely to increase intensity and rainfall from hurricanes, the effect of increasing SSTs on hurricane numbers is unclear. Dynamical climate models have been used to estimate the impact of global warming on hurricane intensity and precipitation Tuleya, 1999, 2004; Bengtsson et al., 2007; Emanuel et al., 2008; Knutson et al., 2008) . These models show a CO 2 -induced increase in storm intensity (5-7% increase in maximum wind speeds) and rainfall (12-26% increase in the precipitation rate within 100 km of the storm centre) and mixed results in storm frequency (+2.2% to −25% change in tropical cyclone frequency and +40% to −18% change in the number of Atlantic hurricanes) over the next century. Further studies by Klotzbach (2006) and Goldenberg et al. (2001) suggest that changes in long-term Atlantic hurricane activity are more influenced by natural variability, such as the Atlantic Multidecadal Oscillation (AMO), than by anthropogenic changes. In addition to the internal variability of the AMO and the SST rise due to global warming, other climatic features that vary on faster time-scales, such as the North Atlantic Oscillation (NAO) (Elsner et al., 2000) , the quasi-biennial oscillation (QBO) (Shapiro, 1982; Gray, 1984) , the El Niño Southern Oscillation (ENSO) (Bove et al., 1998; Camargo and Sobel, 2005) and circulation changes over the Atlantic (Zehr, 1992; DeMaria et al., 1993; Landsea, 1998) have also been shown to be related to hurricane activity.
Because the variation in hurricane activity over different time-scales depends on different mechanisms, the methodology used to make predictions will vary according to the forecast period of interest. Our particular interest is driven by the needs of the insurance and re-insurance industry and we are interested in making reliable five-year predictions of the number of Atlantic hurricanes that make landfall in the USA.
We, however, have more information about hurricanes in the entire Atlantic basin than we do about only those hurricanes that hit the US coast. In particular, there is a larger number of basin hurricanes so the statistics 372 K. COUGHLIN ET AL. associated with them will be more robust and we can therefore detect signals more accurately. Also, there is a better understanding of how the environment influences hurricanes over the ocean (Gray, 1979; Emanuel, 1986 Emanuel, , 1995 Goldenberg and Shapiro, 1996; Goldenberg et al., 2001) . How then can we use this information to help predict the number of landfalling hurricanes? Perhaps on the surface there seems little reason to think of the landfalling storms as anything other than a random sample of the basin storms that happen to hit the edge of the basin (i.e. make landfall). In this case, then, the underlying mean number of landfalls could be represented purely as a constant fraction of the total number of Atlantic hurricanes. However, if we delve deeper into the issue and look at individual storms it is clear that environmental factors influence where the Atlantic storms go and hence the steering of any particular storm towards land (Bove et al., 1998; Camargo and Sobel, 2005) . What is less understood is whether these environmental factors should be treated as noise on interannual timescales or whether the probability of landfall varies in concert with the interannual basin activity such that there is no consistent relationship between the number of basin and landfalling storms. If, however, there is a consistent relationship between the two, then we can use the basin information to help us make predictions about the numbers of storms that make landfall.
In this article, we aim to answer a sequence of questions in order to determine whether or not the basin information is useful for making five-year predictions of the number of landfalling storms. First, in section 3, we run a number of simple statistical tests to determine whether the proportion of Atlantic storms that hit the US coast varies with activity in the basin. From these tests we find that since 1948, when aircraft monitoring covered the Atlantic, there is no evidence of a change in the proportion associated with the changing activity in the basin. In section 4, we then look more generally for any change in the proportion since 1948 regardless of the basin activity. In this study, a Monte Carlo experiment shows that the observed data are consistent with the assumption of a constant proportion since 1948. These results lead to an interesting contradiction because previous work has shown that there are significant changes in the number of hurricanes in the basin but no detectable changes in the mean number of landfalling hurricanes. If the basin storm activity varies but the landfalling activity does not, then we might assume that the proportion should vary with the basin activity. This apparent contradiction is explored in section 5. Essentially, changes in both the landfalling numbers and changes in the proportion are not detected because landfalling hurricanes are relatively rare, making the signal-to-noise ratio in both cases too low for detection. We do, however, find that changes in the proportion should be easier to detect than changes in the landfall activity.
Given the evidence in sections 3-5, we cannot detect any significant changes in the relationship between the number of hurricanes in the basin and the number that make landfall on interannual time-scales. This means that if the proportion of landfalling storms does vary, and it is unlikely that the proportion is exactly constant, the changes are too small to detect and therefore too small to measure accurately. Section 6 then asks the question whether this information is useful. An out-of-sample hindcast experiment shows that when we use the basin information and a constant relationship between basin and landfall numbers to predict the historical number of landfalls, we make more accurate predictions than when we use only landfalling information.
Data
All the tests and analysis in this article use the Atlantic basin hurricane database (HURDAT) record of landfalling category 1-5 hurricanes up to 2007 (Jarrell et al., 1992) . The number of Atlantic basin category 1-5 hurricanes provided by HURDAT (Jarvinen et al. 1984 and updates from HURDAT (http://www.aoml.noaa.gov/hrd/hurdat/Data Storm.html)) are also used up to and including the year 2007. The total number of landfalling hurricanes in the USA used here includes a number of bypassing storms where the storm centre did not cross the US coast but where hurricane force winds from the storm occurred in the USA. The quality of the observations of hurricanes in the North Atlantic has improved over time with the development of new technologies such as aircraft reconnaissance and satellite-based remote sensing. Therefore it is likely that Atlantic hurricanes that did not make landfall were undercounted, especially in the earlier half of the record (Landsea, 2007) . This would result in a larger proportion of observed hurricanes making landfall during these years. A number of authors (Solow and Moore, 2002; Landsea, 2007; Vecchi and Knutson, 2008) have made corrections to the past record in order to rectify this bias. In this study we use only the HURDAT record from 1900-2007, but we do discuss the observational bias in the early record where appropriate.
Question 1: does the proportion vary with hurricane activity?
We first consider whether or not the proportion of hurricanes hitting the US coast changes relative to changing activity in the basin. A number of studies (including Elsner et al., 2000; Goldenberg et al., 2001; Jewson and Penzer, 2006) have shown that the mean number of hurricanes in the Atlantic basin is not stationary and have proposed that the evolution of activity can be determined by dividing the historical record into periods that each have a constant underlying rate. The change in the proportion of landfalling hurricanes across these different periods of activity is investigated by testing three null hypotheses that differentiate between the earlier and later parts of the whole time interval, as well as using pairwise tests over all combinations of the different periods.
It is noted that the latter results are especially affected by a multiple comparison problem and are only shown for completeness. Commonly used tests of equality of proportions include the chi-square test and the G-test, both of which involve chi-square approximations. The results reported in Table II are obtained using a standard chisquare test; p-values of the G-test (not reported here) are very similar and lead to the same conclusions. The time periods that we are testing are long enough that there are enough expected landfalls during these periods for the chi-square or G-test to be good approximations to an exact test, such as Fisher's.
The main hypothesis of interest is that the underlying proportion of hurricanes making landfall is constant since about 1950. Motivated by the potential observational issues of the earlier basin data, we also look for differences between the earlier and later parts of the record.
All statistical tests use the set of change points detected by both Elsner (2000) and Jewson and Penzer (2006) . These change points determine when the basin activity shifts from one period of activity to another. The analysis described in Elsner (2000) gives change points in 1942-1943, 1964-1965 and 1994-1995 . The analysis described in Jewson and Penzer (2006) gives change points in 1931/1932, 1947-1948, 1969-1970 and 1994-1995 . We analyse both sets in order to understand the sensitivity of the results to using alternative sets of change points. Estimates of the proportion of Atlantic hurricanes that hit the USA for each period, and their associated standard errors, are shown in Table I . The standard error calculation (a standard formula as found in Box et al. 1978) does not take the variability of the basin numbers into consideration. When the variation of the basin numbers is accounted for, as in section 5, the standard errors are larger than those shown in Table I .
For the Elsner (2000) change points we test the following hypotheses.
• The underlying proportions in the four periods defined by these change points are constant.
• The underlying proportions in the last three periods defined by these change points are constant.
• The proportion before 1943 (the first change point)
is the same as the proportion after 1943.
For the Jewson and Penzer (2006) change points we test the corresponding hypotheses:
• The underlying proportions in the five periods defined by these change points are constant.
• The proportion before 1948 (the second change point) is the same as the proportion after 1948.
The results of these tests are shown in Table II . For both sets of change points, using a significance level of 0.05, the hypothesis that the proportion has remained constant since 1900 is rejected, but we cannot reject the hypothesis that the proportion has remained constant in the second half of the century. From this we conclude that the proportion of landfalling storms during the first half of the century is different from the proportion in the later periods, but that the underlying proportion of landfalling storms in the periods since at least 1948 may well be the same. One possible Table I . Estimates of the proportion of storms making landfall, based on periods defined by the change points identified in Elsner (2000) and Jewson and Penzer (2006 Elsner CP 1943 -1964 1965 -1994 1995 -2007 1900 -1942 0.03 < 0.01 < 0.01 1943-1964 0.09 0.12 1965-1994 0.95 CP 1932 CP -1947 CP 1948 CP -1969 CP 1970 CP -1994 CP 1995 CP -2007 CP 1900 CP -1931 explanation is certainly that the number of basin hurricanes counted during the first period is inaccurate. There is strong evidence for different landfalling proportions in the earlier part of the data, but no evidence of changes in those proportions in the later part of the data.
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To corroborate these results, we look at the chisquare pairwise comparisons for all combinations of the activity periods defined by both Elsner (2000) and Jewson and Penzer (2006) . This is less satisfactory than the concurrent tests given above, since it involves a large number of comparisons, and we do not try to calculate the influence of our multiple testing directly but take this into consideration when interpreting the results.
The p-values from the pairwise comparisons for the periods defined by both sets of change points are shown in Table III . Once again the results indicate that the probabilities in the earlier data are different from those in the later periods, but there is no significant variation within the proportions of the later periods.
Question 2: can we detect any variations in the proportion?
The first study shows that the proportion of landfalling storms during active periods is not statistically different from the proportion during inactive periods. This next study asks whether or not we can detect changes in the proportion that are perhaps independent of change-point analysis.
We compare the observed annual and five-year mean landfall proportions with Monte Carlo simulations of the landfalls generated from the observed basin numbers with a probability of landfall that is constant. The constant landfall probability is equal to the mean landfall proportion since 1948, and the synthetic annual landfall numbers are simulated by drawing from a binomial distribution with n equal to the annual basin number and p equal to the long-term landfall probability. Confidence intervals for the observed proportion are constructed from the 2.5% and 97.5% quantiles of the simulated landfall ratios.
In Figure 1 , we show the observed proportion of hurricanes that made landfall in the USA from 1948 to 2007. By comparing the actual proportions with the confidence interval from the synthetic data, it is obvious that large year-to-year variability is possible and expected even under the assumption that the underlying proportion remains constant. We see that two out of the 60 years give values outside the confidence limits, which implies that 97% of the yearly proportions are within the confidence intervals, giving no reason to doubt the assumption that the probability is constant.
In Figure 2 , we show the observed proportion of landfalling hurricanes estimated using five-year averages from 1948 onwards, along with the associated 95% confidence intervals. Yet again, there is no evidence that the probability of making landfall varies in time. We shift our five-year averages by one, two, three and four years in order to cover all combinations and our conclusion remains the same; there is no evidence that the proportion of hurricanes making landfall changes in time.
Question 3: how do we rectify the apparent contradiction between constant proportion and constant landfall mean?
The results from the previous sections show that we cannot detect any change in the proportion of landfalling hurricanes. However, this seems to contradict previous results found in Nzerem et al. (2006) where the authors assume that the number of Atlantic basin hurricanes and Figure 2 . Five-year averages of the proportion of Atlantic hurricanes that make landfall. The plots begin in 1948, 1949, 1950, 1951 and 1952 in order to cover all combinations of 5-year periods and the figures include 95% confidence intervals.
the number of US landfalls follow Poisson distributions and they show that, while there are detectable changes in the mean number of Atlantic basin hurricanes, similar changes could not be detected in the mean landfalling numbers. Combining these results with the results from the previous section, we know that the basin numbers are changing and yet we see no changes in either the landfalling numbers or the proportion of landfalling hurricanes. Therein lies an apparent contradiction. If the landfalling numbers are constant, then should we not expect to see a change in the proportion? If the proportion is really constant, then should we not expect to see a change in the landfalling numbers? In reality, both the number of landfalling hurricanes and the proportion of Atlantic hurricanes that hits the USA may be changing, but the scarcity of US landfalls means that these changes may be obscured by noise. Nzerem et al. (2006) explain that owing to the small number of landfalling hurricanes we would not expect to detect a change in the number of landfalls, even in experiments where we know there is a change. This is because, for Poisson processes, the signal-to-noise ratio decreases as the mean number of counts decreases. For the case of Atlantic hurricanes, the decrease in signal, theoretically about a factor of 4 when we go from detection in the basin to detection at landfall, means that the landfall signal is lost in the noise. We perform two simple experiments similar to the ones in Nzerem et al. (2006) . Unlike the previous sections, these experiments explicitly take into consideration the variability of the basin numbers as well as variability in the number of landfalls. First we assume that the landfall proportion is constant and we simulate landfalls for 100 000 replicates of the 1948-2007 period. The basin numbers are generated using a Poisson distribution with mean equal to the observed mean number of basin hurricanes during active and inactive periods. Using Jewson and Penzer's change points, the Poisson means for the active periods are taken to be the 1948-1969 and 1995-2007 mean respectively, while the mean for the inactive periods is taken from the years 1970-1994. The number of landfalls is drawn from a binomial distribution where the number of trials is equal to the total number of hurricanes in the basin, and the probability of success equals the estimated proportion for the whole 1948-2007 interval. A chi-square test with p-value of 0.05 or smaller is used to detect changes in the landfalling levels between periods within each simulation. From this experiment, where we know that the underlying means of the generated landfalling numbers are changing from one period to the next, we find that we can only actually detect the first change point 20% of the time, the second change point 44% of the time; in 14% of the simulations we detect both changes. Note that when the landfalling numbers are chosen from the actual number of hurricanes in the basin the results do not change qualitatively. In most of the simulations we cannot detect the change, even though we know it is there, because the year-toyear variability is large compared with the change in the underlying mean landfalling rate that we are interested in detecting. These are type II errors (false negative results). The probability of not detecting a change even when there is a change in the landfalling numbers is shown in Table IV . This experiment shows that there is over a 50% chance that we would not detect changes in the landfalling numbers, even if they were present.
In a complimentary experiment, we assume that the landfalling numbers have an underlying constant mean and perform the same experiment as above except that 376 K. COUGHLIN ET AL. now the probability of landfall changes from one period to the next. The changing probability is calculated by taking the annual mean number of landfalls from 1948-2007 and dividing by the mean number of basin hurricanes for each period. Now the underlying mean number of landfalls is constant and the proportion varies from one period to the next. Using a chi-square test with a significance level of 0.05, we detect the change in proportions 30% of the time between the first active period and the inactive period, 53% of the time between the inactive period and the last active period; in 23% of the simulations, both changes are detected. Again the detection rates are very similar when the landfalls are picked from the actual number of basin hurricanes each year. Although the probability of a type II error is large, the probability of a false negative result is smaller for the detection of a change in the proportions than for the detection of a change in the landfalling numbers (see table IV). These results confirm that, even under different basin activity levels, it is likely that chi-square tests will not detect changes in either the observed landfalling means or the observed proportions. Additionally, the simulations suggest that it is easier to detect changes in the proportion than changes in mean landfalling numbers.
In both of these experiments, there are many type II errors, and this may explain why we cannot detect these variations in the observed data. The fact that we expect estimates of the proportion to be more accurate than estimates of the landfalling numbers is due to the relative signal-to-noise ratio for the landfalling numbers compared with that of the proportions. The signal-tonoise ratio is defined as
which is the squared amplitude of the signal divided by the squared amplitude of the noise. This ratio compares the level of the signal with the amount of noise obstructing the signal. For the landfalling numbers we estimate the signal for each activity period as the annual mean number of landfalls per period and the noise as the standard deviation around this signal. The signal in the Table IV . The probability of not detecting a change when there is an underlying change in the data (type II error). These probabilities are shown for two experiments: one where the underlying landfall numbers are changing and another where the underlying proportion changes in accord with the observed basin change points. The probability of a type II error occurring is shown for the first change point (1969) (1970) , the second change point (1994) (1995) and for the detection of both change points.
Probability of type II error 1969-1970 1994-1995 proportion of each period is estimated as the total number of landfalling hurricanes divided by the total number of basin hurricanes over the period and the noise is the standard deviation of yearly proportions around this signal. We show the SNR for Jewson and Penzer's last three periods in Table V . Table V shows that while we can detect changes in the basin numbers, because the signal-to-noise ratio of the basin numbers is relatively high, signals in both the landfall numbers and the proportions may be difficult to detect because the signal-to-noise ratios are relatively low. These results agree with the results in Nzerem et al. (2006) . In support of the previous Monte Carlo tests, the table also shows that the proportion of landfalling hurricanes has a higher signal-to-noise ratio than the landfall numbers themselves. So, in practice, we should be able to estimate the proportion of landfalls more accurately than the landfalling numbers. The results for Elsner's change-point periods lead to the same conclusions.
Question 4: can we use this information to make better interannual predictions?
To answer this question let us review what we know and consider the various possibilities. To begin with, we know that landfalling hurricanes are a subset of basin hurricanes and we know that the basin numbers contain significant change points (Elsner, 2000; Jewson and Penzer, 2006) . We have not, however, been able to show that either the landfall numbers or the proportion of landfalls contain significant change points, presumably because there are fewer events and the noise obscures the signal, as shown in the last section and in Nzerem et al. (2006) .
Given the change points in the basin, there are three possible underlying assumptions that lead to estimates of the proportion of basin hurricanes that ultimately make landfall.
(1) The landfall numbers are constant and the proportion reflects changes in the basin numbers. (2) The landfall numbers change with the basin numbers and the proportion remains constant. (3) The landfall numbers change independently of the basin numbers and all three -the basin numbers, the landfalling numbers and the proportion -vary over time.
Again, in all likelihood, the third scenario may be technically true for individual events, but we are interested in multi-year predictability and ultimately we would like to know which scenario is most useful for our purpose of making five-year predictions. Considering the 1994-1995 change point (Elsner, 2000; Jewson and Penzer, 2006) , these three scenarios can be represented by the following definitions of landfalling proportions during the last active and inactive periods: Based on these assumptions we try to predict the landfalling numbers for each year between 1970 and 2007 to determine which assumption gives the best prediction. 'Best prediction' is defined in this situation as the model that produces the lowest out-of-sample mean squared error (MSE). The errors are shown in Figure 3 .
In the first case, the underlying distribution of the number of landfalls is considered constant so the outof-sample hindcast prediction for each year is made by taking the average number of landfalls for all years, except the five consecutive years we are trying to predict, since 1970. The error between this prediction and the actual number of landfalls within those five years is squared and the mean of these squared errors is compared with the MSE of the other predictions.
In the second scenario, we use the fact that there is a constant relationship between the landfalling numbers and the basin numbers to predict the landfalling numbers using the basin information. The prediction is made by first making an out-of-sample estimate of the level of activity in the basin for the appropriate period, and then converting that basin prediction to a landfalling number using the constant relationship between basin and landfalling numbers. The landfalling proportion is calculated out-of-sample from all data since 1970.
The third scenario assumes that both the landfalling numbers and the proportion of landfalls vary with the changes in the basin numbers. In this case, only the information within each activity period can be used to estimate the level of activity and we have no way of estimating a useful relationship between landfalling numbers and basin numbers. Here, the historical landfalling predictions are made by estimating the out-of-sample mean number of landfalls during each activity period.
In all three cases, we make the assumption that the 1994-1995 change is known when it happens but not before. This means that the predictions for scenarios 2 and 3 that include a shift are based on the activity of the period before the shift. In practice, an abrupt change in activity is difficult to detect even a couple years after it occurs, so this assumption does not fully penalize these methods but does account for some of the error due to the determination of the change points. Figure 3 shows both the mean squared errors from hindcast tests and the mean squared skill score of the hindcasts compared with a simple climatological prediction. The mean squared skill score is
which can be interpreted as the percentage improvement of the hindcast compared with a past climatological hindcast. Here we use the mean landfalling hurricane rate for the previous 10 years as the climatological prediction. Not surprisingly, scenarios 2 and 3 perform better than this climatology because the climatological hindcast is not informed of the change points, even after they have occurred. In all cases, however, the largest improvement in skill is when we assume that the proportion is constant, scenario 2. In Figure 3 (a) we can see that the second scenario also produces the smallest out-of-sample error for both 5-year and 1-year out-of-sample hindcasts from 1970-2007. This figure also shows the out-of-sample MSE for predictions from 1948 that include both the change point in 1994-1995 and the Penzer change point in 1969-1970 . Note the large reduction in the error of scenario 1 from the error calculations of the shorter period to the error calculations of the longer period. This is mainly due to the increase in the overall landfalling rate (as the period from 1948-1970 has a higher landfalling rate than most of the years since 1970). This increase in the mean landfalling rate reduces some of the larger errors generated during the last active period. This error can be reduced further if we include landfalling information since 1900 (MSE=0.31) as the addition of these data also raises the landfalling average. However, even then the qualitative results remain the same, in that the second scenario has the lowest error. This implies that more accurate hindcasts of the past are made by assuming that a constant proportion of basin hurricanes hit the US coast. This assumption allows us to use the information in the basin to make indirect predictions of the landfalling numbers. However, given the small number of data and the large uncertainties associated with the estimates of both landfall means and proportions, ultimately it make sense to consider forecasts from both methods that use information from the entire basin and methods that use only the landfalling numbers.
Conclusion
There are two main points made in this article.
(1) Data show that we cannot reject the hypothesis that the proportion of Atlantic hurricanes that make landfall in the USA is constant. (2) History implies that it is useful to assume that the proportion is constant when making 5-year predictions of the landfalling hurricane rate.
We first consider whether or not the proportion of hurricanes hitting the US coast changes relative to changing activity in the basin. The difference in proportions between change points is tested using chi-square tests on three null hypotheses, as well as by using pairwise tests. The results are consistent, showing that there is a significant difference in the proportions before and after 1948 but the proportions in the second half of the century are not significantly different from one another despite significant changes in the number of Atlantic hurricanes. The change in the middle of the century is likely due to improvements in the observational coverage over the Atlantic, which meant that Atlantic hurricanes that never came close to land were more likely to be observed in the second half of the century. In the second study we ask whether or not we can observe changes in the proportion over any time, without specific comparison with the basin changes. We find that the variability in observed yearly proportions is consistent with the assumption that the underlying proportion is constant. These results, however, seem to contradict previous studies where we test the difference in landfalling numbers over these same periods. In those studies, the landfalling numbers also fail to have significant changes even though we know that the basin numbers do have significant changes. The resolution to this apparent contradiction lies in the sparsity of landfalling hurricanes. Currently, there is not enough data to resolve potential changes in both the landfalling numbers and the proportion. In fact, it is most likely that both the number of landfalls and the proportion are changing to some degree. However, a simple Monte Carlo simulation and a calculation of the signal-to-noise ratios show that signals in the proportions are easier to detect than signals in the landfalling numbers. And finally, since our main interest is in predicting landfalling numbers in the future, we are ultimately interested in knowing which assumption gives us better predictions. Using a simple out-of-sample hindcast framework, we show that by assuming that the proportion is constant we are able to make use of the basin information and make better predictions of the number of hurricanes that hit the US coast. We use a number of different methods, but the results all agree, and are very clear.
(1) The proportion of hurricanes making landfall in the first half of the 20th century, as estimated from HURDAT data, is different from the proportion in later periods. (2) The proportion of hurricanes during different periods of activity since 1948, however, shows no evidence of change. (3) The assumption of a constant proportion leads to more accurate historical predictions of landfalling numbers.
